4. Discussion

Over the years, the corrosion performance of carbon steel and low-alloy steel in boric-
acid-containing aqueous environments has been studied by several investigators. Boric acid
crystals have been observed at several locations in several pressurized water reactors in which
the coolant contained nominally 1000 ppm B as boric acid and 2 ppm Li as lithium hydroxide.
Solid boric acid crystals by themselves have been of little concern from the corrosion
standpoint of ferritic steels; however, the presence of water/moisture and oxygen can lead to
enhanced corrosion of ferritic steels, especially at elevated temperatures. For example, highly
concentrated solutions of boric acid, albeit locally, can increase the H ion concentration
(decrease the pH) in the solution and make the environment more acidic (see Figure 9c¢), even
though boric acid by itself is considered a weak acid when compared with hydrochloric or nitric
acids.

Studies have been conducted to evaluate the uniform wastage of carbon and low-alloy
steels in simulated environments with emphasis on evaluation of the role of key variables such
as temperature, boric acid concentration, flow velocity, specimen/crevice geometry,
aeration/deaeration, etc., in corrosion.

The Electric Power Research Institute (EPRI) conducted a series of tests in which carbon
and low-alloy steel specimens were buried in boric acid crystals at room temperature and
exposed to water saturated flowing air for 60 days. They concluded that the average corrosion
rates for the steels were 0.001-0.005 mm/y.12

The Moscow Power Institute conducted a series of tests by immersing plate-type carbon
steel specimens in aerated and deaerated borated water for up to 1000 h. They reported long-
term corrosion rates of 0.005 mm/y in aerated water with 3000 ppm B at 310°C and
0.008 mm/y in aerated water with 1000 ppm B at 200°C.13.14

Combustion Engineering conducted a series of tests with unclad SA-533 Grade B steels
(among others) by immersing them in an autoclave with deionized, aerated water and 723 ppm
B, 1.8 ppm Li, and 0.4 ppm ammonia.l® The specimens were held at 176°C for 70 h. They
reported an average corrosion rate of 0.41-0.43 mm/y. Brookhaven National Laboratory
conducted tests on several carbon and low-alloy steels at 100 and 178°C in aerated water
containing 4000 ppm B and LiOH at a pH of 7.3.16 The study reported rates of 1.2-1.4 and
2.8-3.3 mm/y at 178 and 100°C, respectively.

Westinghouse performed immersion and dripping tests on low-alloy steel in aerated and
deaerated boric acid solutions.!” The test solutions were identified as 15 and 25%. The
solutions were termed “aerated,” if they were left open to air during the exposure of the test
specimens. The solutions were termed “deaerated,” if the system was closed and the oxygen in
solution was assumed consumed by the test specimens. No direct measurements were made of
the oxygen content of the solutions. The study reported corrosion rates of 122 and 76 mm/y at
93°C for low-alloy steel immersed in 25% solution in aerated and deaerated conditions,
respectively. Westinghouse also reported corrosion rates in the range of 4.2-4.8 mm/y at 99°C
for steel dip tested in air in a 15% solution of boric acid. Results from this study indicate that
the presence of oxygen and high concentrations of boric acid in an aqueous solution can lead
to very high corrosion rates for the low-alloy steel. Furthermore, the so-called “deaerated”
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condition decreases the rate from 122 to 76 mm/y (=38%). The rate still seems high indicating
the possibility that the oxygen level may not be as low as one would expect under deaeration
achieved by bubbling of hydrogen gas. The data also indicate that corrosion rates for the low-
alloy steel are of similar magnitude, when exposed in immersion or in dip tests. Westinghouse
also reported no corrosion of carbon steel specimens when exposed to dry boric acid crystals at
260°C.

Combustion Engineering also conducted immersion experiments with carbon and low-
alloy steels in aerated solutions with B concentrations of 22,000 ppm and saturated value
(=40,000 ppm) at 104°C.16:18 In these experiments they immersed plate-type specimens of SA-
533 Grade B (among others) in a flask with water-cooled condensers at the top to prevent
evaporation of the test solutions. Specimens were removed at various intervals to determine
the corrosion progress with time and to evaluate the corrosion rates. Combustion Engineering
reported corrosion rates of 16.5 and 9.1 mm/y after 24 and 96 h exposures in a solution
containing 22,000 ppm B and a pH of 3.0. The rates were 36.1 and 7.6 mm/y after 6- and
27-h exposures in a solution containing 26,200 ppm B and a pH of 4.0. Combustion
Engineering did not report data for low alloy steel in the B-saturated solution, but reported a
corrosion rate (based on a 4-h exposure) of 184 mm/y for SA-106 Gr B carbon steel. These
results indicate that the initial corrosion rates are, in general, higher than those based on long
time exposures. Combustion Engineering also reported that the corrosion rate differences
between different ferritic steels (SA-106, SA-533, and SA-508) were small, when tested in a
given environment. The study attributed the reduction in the average corrosion rate with
increasing test duration to lack of replenishing of the solution during the test, since the pH
changed from 3-4 at the start of the test to 5-6 at the end of testing. The study concluded that
replenishing the solutions, as is the case with many leaking joints, would have increased the
corrosion rates.

Babcock and Wilcox also conducted four tests to evaluate the corrosion of carbon steel in
a boric acid environment using a test apparatus that consisted of a 0.9-m-long steel pipe
supported at a 30° angle from the horizontal.19 The pipe was heated from the inside to 260-
288°C, and 0.6 m of the pipe was covered by insulation that was separated from the pipe
surface by a 19-mm annulus. Simulated primary water (borated and lithiated) at 93°C was
then dripped onto the exposed surface of the pipe at three locations. The boric acid
concentration was 13,000-14,300 ppm (2270-2500 ppm B), and the Li concentration was 1.3-
1.7 ppm. The test duration ranged between 198 and 263 h. The dripped water evaporated as
it was heated by the hot pipe surface, which led to an increase in boric acid concentration. At
the completion of the tests, the pipes were cut and analyzed to obtain corrosion depths. The
highest corrosion rates in the four tests were 102-198 mm/y and the lowest rates ranged
between O and 7.7 mm/y. The study concluded that corrosion rates can be as high as 76—
127 mm/y at downstream locations where cold borated water drips directly onto carbon steel
surfaces, and that the rates can be even higher where boric acid condenses on metal surfaces
near 93°C.

Recently, corrosion rate data were obtained at 100°C by Arioka” on alloys containing 4, 8,
11.5, and 15 wt.% Cr in deaerated aqueous solutions containing boric acid concentrations of

*Private communication from R. W. Staehle to W. H. Cullen (USNRC), forwarded to K. Natesan (ANL) and
also from K. Arioka (Japan) to J. H. Park (ANL).
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7,000, 21,000, and 38,000 ppm B. Section loss calculated from the weight change data
showed corrosion rates of 6.1, 31.5, and 114 mm/y for an alloy containing 4 wt.% Cr.

Several conclusions can be drawn form the results presented above from various studies:

. Corrosion of low-alloy steel is minimal when the steel is exposed at room temperature to
solid boric acid crystals even in the presence of flowing humid air (Southwest Research
study)!? or when exposed to dry boric acid crystals at 200°C (Westinghouse study).1”

. Presence of boric acid at high concentrations in aerated aqueous solutions can increase
metal wastage in ferritic steels such as carbon steel and low-alloy steels.

. Results from the BNL study!® showed corrosion rates of 2.8-3.3 and 1.2-1.4 mm/y at 100
and 178°C, respectively, in aerated solutions with 4000 ppm B and LiOH.

. Increasing the boric acid concentration to 25% in solution (9,000 ppm B) resulted in
corrosion rates of 122 and 76 mm/y at 93°C under aerated and deaerated conditions,
respectively, (Westinghouse study).1”

. Corrosion rates are similar for ferritic steels exposed to boric acid solutions, irrespective
of whether the specimen is immersed in the solution or the boric acid solution is dripped
onto the specimens.

. There is very little quantitative corrosion rate information in the temperature range of
=100-250°C in solutions that contain a wide range of boric acid concentrations.

. There is a lack of corrosion information in molten salt type environments that are
potentially feasible in H-B-O system at intermediate temperatures.

. There is a lack of corrosion information in high-pressure, high-temperature boric-acid
containing environments.

The overall objective of the ANL program was to conduct research in specific areas
focused to determine the conditions that can lead to aggressive and rapid rate of attack of
pressure vessel steel in the presence of high concentrations of boric acid in nuclear power
plants. For this purpose, the ANL study was conducted in three different and distinct
environmental conditions to understand the corrosion performance of reactor steels exposed to
H-B-O system.

The three environments used in the study are 1) room-temperature saturated boric acid
solution in aerated and deaerated conditions for ECP and corrosion experiments at 95°C,
2) molten-salt solutions with and without water additions for corrosion tests at 150-320°C,
1 atm, and 3) high-pressure (12.4 MPa) high-temperature (up to 316°C) water with a range of
boric acid solution concentrations for ECP and corrosion experiments.

. The selected environments address the following scenarios:

Low leakage, nozzle/annulus open: water flashes, leaving boric acid deposits on RPV head
surfaces at >300°C; high-temperature molten salt solutions at ambient pressure with or
without moisture.
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Corrosion Rate (mm/y)

Low leakage, nozzle/annulus plugged: similar environment on both sides of the nozzle;
high-temperature high-pressure PWR environment with varying boron and lithium
content.

Higher leak rate (=0.1 gal/min) & nozzle/annulus open: heat of evaporation provides
cooling; low-temperature saturated boric acid solutions concentrated through boiling &
enhanced by oxygen from ambient atmosphere.

The study showed corrosion rates of 40 mm/y for A533 Gr.-B low-alloy steel at 97.5°C
when tested in room-temperature saturated boric acid solution. The rates in half-
saturated solution were a factor of 2 lower than in saturated solution. The rates in
deaerated solutions were half as much as in aerated solutions for a given boric acid
concentration.

No corrosion was observed in any of the alloys (including A533 steel) in molten H-B-O salt
when moisture was not present.

Very high corrosion rates were observed for the A533 steel at 140-170°C in super
saturated H-B-O solutions when water was added. Rates up to 150 mm/y were
measured at 150°C (Figs. 47 and 48).

The corrosion experiments in high temperature-high pressure water containing 4,000 and
9,090 wppm B showed rates of <0.1 and 8 mm/y at temperatures of 316 and 100°C,
respectively (Fig. 49).
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Figure 48.

Measured corrosion rates for low—alloy
steels in various solutions of boric acid at
80-170°C and ambient pressure.

Figure 49.

Measured corrosion rates for carbon and
low—alloy steels in boric acid solutions at
12.4 MPa pressure.
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5. Summary

This report presents experimental data on ECP and corrosion/wastage rates for the
materials found in the RPV head and nozzles of a typical PWR in boric acid solutions of varying
concentrations at temperatures of 95-316°C (203-600°F). Tests were conducted in
environmental conditions that have been postulated in the CRDM nozzle/head crevice:
(a) high-temperature, high-pressure aqueous environment with a range of boric acid solution
concentrations; (b) high-temperature (150-300°C) boric acid powder at atmospheric pressure
with and without the addition of water; and (c) low-temperature (=95°C) saturated boric acid
solutions both deaerated and aerated. These environmental conditions correspond to the
following situations: (a) low leakage through nozzle crack and nozzle/annulus plugged, (b) low
leakage through nozzle crack and nozzle/annulus open, and (c) significant cooling due to high
leakage through nozzle crack and nozzle/annulus open.

Test facilities were assembled to perform ECP and corrosion rate measurements on
A533 Gr.-B low-alloy steel, Alloy 600, and 308 SS weld clad, in the various postulated
environments in the CRDM nozzle/head crevice. In general, the ECP of all alloys decreased
with an increase in temperature. At temperatures below 150°C the ECP of A533 Gr.-B low—
alloy steel was significantly lower than that of the other alloys. Also, at 95°C, the ECP of
A533 Gr.-B steel decreased slightly as the concentration of boric acid in the solution was
decreased from 36,000 ppm to 3,500 ppm. At 150-316°C and 12.4 MPa (1800 psi) pressure,
the ECP of all alloys were comparable in PWR water with 1000 or 9090 ppm B, =2 ppm Li,
<10 ppb DO, and =2 ppm dissolved hydrogen.

In the various environments investigated in the present study, the corrosion rates of
Alloy 600 and 308 SS cladding were found to be negligible compared to those of A533 Gr.-B
steel. Also, in the absence of moisture, no corrosion was observed for any of the materials in
H-B-O environments at 150, 260, and 300°C; the H-B-O environments consist of a dry powder
of HBO9 + H3BOg at 150°C, molten HBO9 at 260°C, and molten mixture of HBOy + B5Og3 at
300°C.

For A533 Gr.-B steel, an average corrosion rate of =40 mm/y (1.6 in./y) was measured in
aerated saturated solution of boric acid at 97.5°C and ambient pressure. The corrosion rate in
aerated half-saturated solution was a factor of =2 lower than in saturated solution; the rates
for deaerated solution were =40% lower than in aerated solution. Very high corrosion rates
were observed for A533 Gr.-B steel at 140-170°C in super—-saturated molten salt solutions of
boric acid with addition of water. Short-term corrosion rates up to 150 mm/y were measured
at 150°C.

The corrosion experiments in high-temperature high-pressure water containing
9090 ppm B, =2 ppm Li, <10 ppb DO, and =2 ppm dissolved hydrogen showed that the
corrosion rates decreased with increasing temperature. The rates were =5 mm/y at 100-150°C
and decreased to <0.1 mm/y at 316°C.

The existing corrosion/wastage data in boric acid solutions in the literature have been
summarized. The earlier studies, predominantly conducted at 80-104°C, showed that the
corrosion rates for low—alloy steel can increase from =3 mm/y to greater than 100 mm/y as the
B concentration in the solution was increased from =4,000 to 40,000 wppm. The results from
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the present study in saturated boric acid solutions at 97.5°C are in agreement with the earlier
data. In addition, very high corrosion rates were observed for low-alloy steel at 140-170°C in
molten salt solutions of boric acid with addition of water. Short-term corrosion rates up to
150 mm/y were measured at 150°C, which are in the same range that was observed in
saturated boric acid solutions at 97.5°C. The corrosion rate data developed over a wide
temperature range in the present study may be used to assess the corrosion performance of
the RPV and CRDM nozzle materials in boric acid solutions.

46



References

10.

11.

12.

13.

Nuclear Regulatory Commission (U.S.), Bulletin 2001-01, “Circumferential Cracking of
Reactor Pressure Vessel Head Penetration Nozzles,” Aug. 3, 2001.

Nuclear Regulatory Commission (U.S.), Information Notice 2002-11, “Recent Experience
with Degradation of Reactor Pressure Vessel Head,” March 12, 2002.

Loehlein, S., et. al., “Root Cause Analysis Report: Significant Degradation of the Reactor
Pressure Vessel Head,” CR 2002=0891, First Energy, Davis—-Besse Nuclear Power Station,
April 15, 2002.

U.S. Nuclear Regulatory Commission, Information Notice 2001-05, “Through-Wall
Circumferential Cracking of Reactor Pressure Vessel Head Control Rod Drive Mechanism
Penetration Nozzles at Oconee Nuclear Station, Unit 3,” April 30, 2001.

Hunt, E. S., “Boric Acid Corrosion Guidebook, Revision 1: Managing Boric Acid Corrosion
Issues at PWR Power Stations,” Final Report 1000975, EPRI, Palo Alto, CA, Nov. 2001.

Latimer, W. H. and H. Hildebrand, Reference Book of Inorganic Chemistry, MacMillan, NY,
1951.

Linke, W. F., Solubilities, Inorganic and Metal-Organic Compounds, Vol. I and II, Fourth
Edition, American Chemical Society, Washington, DC, 1965.

Knacke, O., O. Kubaschewski,, and K. Hesselmann, Thermochemical Properties of
Inorganic Substance, Springer-Verlag, 2nd ed., 1991.

ASTM Designation G5-94, “Standard Reference Test Method for Making Potentiostatic
and Potentiodynamic Anodic Polarization Measurements, Metals Test Methods and
Analytical Procedures,” 1999 Annual Book of ASTM Standards, Volume 03.02 Wear and
Erosion; Metal Corrosion, ASTM, PA, 1999.

Skoog, D. A. and D. M. West, Principles of Instrumental Analysis, Holt, Rinehart and
Winston, Inc, New York (1971).

Ho, P. C. and D. A. Palmer, “Electrical Conductivity Measurements of Aqueous Boric Acid
at 25-350°C at Saturation Vapor Pressure,” ORNL/TM-13185, Oak Ridge National
Laboratory, 1995.

Boric Acid Corrosion Evaluation Program - Phase II Corrosion Testing, Topical Report,
Southwest Research Institute, 1998.

Margulova, T. K., L. M. Bursuk, S. V. Bogatyreva, and A. A. Lipanina, “Corrosion of

Structural Materials in the Boron-Containing Solutions Used for Controlling the Power of
Nuclear Reactors,” Therm. Eng., Moscow Power Institute, 1970, pp. 13-17.

47



14.

15.

16.

17.

18.

19.

Babei, Y. I., et al., “Influence of Boric Acid Regulation of a Medium on Carbon and Low-
Cycle Corrosion Fatigue Resistance of Constructional Steels,” Soviet Materials Science,
pp. 135-139, 1982.

Hall, J. F., et al., “Boric Acid Corrosion of Carbon and Low-Alloy Steels,” Proc. Fourth
Intl. Symp. On Environmental Degradation of Materials in Nuclear Power Systems-Water
Reactors, Jekyll Island, GA., August 6-10, pp. 9-38 to 9-52, 1989.

Nuclear Regulatory Commission (U.S.) (NRC), NUREG/CR-2827, “Boric Acid Corrosion of
Ferritic Reactor Components,” NRC, Washington, D.C., July 1982.

Degradation of Reactor Coolant System Pressure Boundary Resulting from Boric Acid
Corrosion, Westinghouse letter NS-NRC-87-3260 to the NRC, dated October 15, 1987.

O'Neill, A. S. and J. F. Hall, “Boric Acid Corrosion of Carbon and Low-Alloy Steels
Pressure-Boundary Components,” EPRI NP-5985, Electric Power Research Institute,
Palo Alto, CA, August 1988.

Ouellette, C. E., “B&W Boric Acid Corrosion Research and the Wastage and Inspection

Procedures for RCS Leakage,” BAW-2126, B&W Nuclear Sevice Company, Lynchburg, VA,
December 1990.

48



NRC FORM 335 U. S. NUCLEAR REGULATORY COMMISSION | 1. REPORT NUMBER

(9-2004) (Assigned by NRC. Add Vol., Supp., Rev.,
NRCMD 3.7 and Addendum Numbers, if any.)
BIBLIOGRAPHIC DATA SHEET NUREG/CR-6875
(See instructions on the reverse) ANL-04/08
2. TITLE AND SUBTITLE 3. DATE REPORT PUBLISHED
MONTH YEAR
] ) ) ) ) July 2005
Boric Acid Corrosion of Light Water Reactor Pressure Vessel Head Materials
4. FIN OR GRANT NUMBER
Y6722
5. AUTHOR(S) 6. TYPE OF REPORT
Technical
J. -H. Park, O. K. Chopra, K. Natesan, and W. J. Shack 7. PERIOD COVERED (Inclusive Dates)

8. PERFORMING ORGANIZATION — NAME AND ADDRESS (If NRC, provide Division, Office or Region, U.S. Nuclear Regulatory Commission, and mailing address; if contractor,
provide name and mailing address.)

Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

9. SPONSORING ORGANIZATION — NAME AND ADDRESS (If NRC, type “Same as above”: if contractor, provide NRC Division, Office or Region, U.S. Nuclear Regulatory Commission,
and mailing address.)

Division of Engineering Technology
Office of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

10. SUPPLEMENTARY NOTES
William H. Cullen, Jr., NRC Project Manager

11. ABSTRACT (200 words or less)

This report presents experimental data on electrochemical potential and corrosion rates of the materials found in
the reactor pressure vessel head and control rod drive mechanism (CRDM) nozzles in boric acid solutions of
varying concentrations at temperatures of 95-316°C (203—-600°F). Tests were conducted in postulated
environmental conditions in the nozzle/head crevice, e.g., (a) high—temperature, high—pressure aqueous
environment with a range of boric acid solution concentrations, (b) high-temperature (235-320°C) molten salt
solutions, and (c) low—temperature (=95°C) saturated boric acid solutions. These correspond to the following
situations: (a) low leakage through the nozzle and nozzle/head annulus plugged, (b) low leakage through the
nozzle and nozzle/head annulus open, and (c) significant cooling due to high leakage and nozzle/head annulus
open. The results indicate significant corrosion only for the low—alloy steel and no corrosion for Alloy 600 or
308 stainless steel cladding. Also, corrosion rates were significant in saturated boric acid solutions, and no
material loss was observed in boric acid melts or deposits in the absence of moisture. The results are compared
with the existing corrosion/wastage data in the literature.

12. KEY WORDS/DESCRIPTORS (List words or phrases that will assist researchers in locating this report.) 13. AVAILABILITY STATEMENT
unlimited
. . 14. SECURITY CLASSIFICATION
Boric acid corrosion (This Page)
Control Rod Drive Mechanism (CRDM) nozzle lassified
n ifi
Reactor pressure vessel head (This Rl:pocr:t)ass ¢
High—pressure aqueous environment unclassified

Molten salt solutions

: : 15. NUMBER OF PAGES
Electrochemical potential (ECP)

rrosion r
Corrosion rates ——

NRC FORM 335 (9-2004) PRINTED ON RECYCLED PAPER




	4. Discussion
	5. Summary
	References



